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A B S T R A C T
A series of experimental hypereutectoid pearlitic steels were tested under rolling contact sliding conditions using
a lubricated twin-disc setup to study the inﬂuence of diﬀerent chemical compositions and heat treatments on
rolling contact fatigue life. Tested samples were then characterised using microscopy and synchrotron mea-
surements as a function of depth from the contact surface. Results, analysed through neural networks, indicate
that the most inﬂuential factor in lengthening the number of cycles to crack initiation of hypereutectoid steels is
hardness, attained by increasing the cooling rate from the hot rolling temperature, but adequate alloying ad-
ditions can enhance it further. The harder, fast-cooled samples displayed less plastic ﬂow at the surface than the
softer slow-cooled ones. With regard to chemical composition, silicon was found to strengthen the ferrite thus
reducing strain incompatibilities with the cementite, preventing in this way the fragmentation and eventual
dissolution of the lamellae. This is beneﬁcial since larger depths of cementite dissolution were found in samples
with lower cycles to crack initiation for a given cooling rate (hardness). Samples containing vanadium lasted
longer and displayed less plastic deformation at the surface than those without, at a similar hardness.
1. Introduction
Hypereutectoid rail steels (0.8–1.0 wt% C) are attractive for heavy
haul applications as well as mixed traﬃc networks due to their higher
resistance to wear and gross plastic deformation that derives mainly
from their higher hardness in comparison to eutectoid C-Mn steel [1].
Despite many counterexamples [2–4], higher hardness in rail steels has
been linked to a greater wear and rolling contact fatigue (RCF) re-
sistance [5–8], which are the main degradation mechanisms of railway
tracks during service. Nevertheless, head hardened rails of such a high
carbon content can contain proeutectoid cementite, which has been
shown to be detrimental to rolling contact fatigue life, fracture tough-
ness, elongation, and wear resistance in rail steels [9–11]. The proeu-
tectoid phase at the rail-wheel contact locations can be mitigated
through controlled cooling (> ° −2.5 C s 1) from the ﬁnish rolling tem-
perature [12] or a silicon addition in excess of about 0.8 wt% [9]. Si-
licon alloying has been recognised as a more reliable alternative to
preventing grain boundary cementite since accelerated cooling rates
may not be achieved by direct air impingement on rail heads, are depth
dependent, or may lead to martensite formation in the heavily segre-
gated web region for cooling rates greater than ° −4 C s 1 [9]. In addition
to carbon and silicon, high performance ultra-high carbon steels (UHC)
can contain elements such as Mn, Cr, Ti, and V, whilst restricting others
like N, P, and S, to achieve improved properties even in the relatively
soft as-rolled condition (∼370 HV), challenging the hardness based
approach [9]. Such improvements have been attributed to interlamellar
spacing reﬁnement, increased cementite volume fraction, solid solution
strengthening of ferrite [1,9], and precipitation strengthening through
V/Ti carbides [13]. Since the improvements brought about through
alloying are additive to the known beneﬁts from higher cooling rates to
increase hardness through reﬁnement of interlamellar spacing, these
steels can be heat treated to endure more demanding service conditions.
The aim of this work is to understand the speciﬁc role that each
alloying addition or heat treatment (normal or accelerated cooling) has
in determining certain microstructural parameters (hardness, inter-
lamellar spacing, cementite volume fraction, ferrite lattice parameter)
and identifying those most responsible for the overall wear and rolling
contact fatigue performance of the alloy with the aid of numerical
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regressions in the form of neural networks. In order to do so, ﬁve dif-
ferent experimental ultra-high carbon rail steels have been tested under
twin disc rolling contact fatigue and characterised using hardness, mi-
croscopy, and high energy synchrotron X-ray diﬀraction, which allows
the study of solid solution strengthening as a function of the ferrite
lattice parameter [14] and precipitation strengthening as a function of
the phase volume fractions for increasing depths from the contact
surface.
2. Experimental methods
2.1. Material, heat treatment, and sample preparation
The chemical composition of the diﬀerent experimental ultra-high
carbon rail steel grades used in this study are listed in Table 1. These
alloys were hot rolled into 30 mm thick plates at TATA Steel UK and
experienced a similar cooling rate to that of rail heads on cooling beds
after rolling [9]. The plates were either slow cooled in still air (as-
rolled, AR) or fast cooled using compressed air (heat-treated, HT) to
form pearlite. Rail disc specimens, 56 mm in diameter with a contact
thickness of 7 mm, were then cut out ensuring their rotational axes
were perpendicular to the length of the plate to pursue constant mi-
crostructural properties such as grain size and inclusion content. The
specimens were then machined to achieve a surface roughness, Ra, at
the contact surface of 0.4 μm. The same process was followed for the
wheel disc specimens, but using one single pearlitic grade with com-
position described in Table 1, a diameter of 112 mm, contact thickness
of 7 mm, and surface roughness of 0.4 μm, according to the British
standard BS 970: Part 1:1983 [15].
2.2. Twin-disc RCF testing and microstructural characterisation
One sample of each grade was tested at room temperature in a twin-
disc testing rig using a load of 900 MPa, a nominal slip of 5%, and water
as lubricant to ensure RCF crack generation but minimal wear.
Identiﬁcation of crack initiation is performed by stopping each run
every 10,000 cycles, removing the disc from the testing apparatus, and
inspecting visually using an optical microscope. Any clear RCF crack,
irrespective of size, is considered a failure so the run is terminated and
the cycles recorded. In case of ambiguity, the feature in question is
marked and the sample is tested for another 10,000 cycles. If the feature
developed into a distinct crack, then failure by crack initiation is re-
corded as the previous cycle count.
After testing, radial cross sections were cut from the rail discs,
mounted in bakelite, ground, polished to 0.25 μm, etched in 5% nital,
and metallographically characterised using a FEI Nova NanoSEM
(scanning electron microscope). Images of the surface were acquired for
wear and rolling contact fatigue assessment, as well as from the sub-
surface at high magniﬁcations for interlamellar spacing determination
[16,17]. Further analysis was performed using transmission electron
microscopy (TEM) with similar preparation as in [18] by ﬁrst cutting
1 mm thick samples, grinding them down to ∼ 80 μm using silicon
carbide paper, punching discs 3 mm in diameter, and electropolishing
them using a Struers TenuPol 5 twin jet polishing machine and a solution
of 80% ethanol, 15% glycerol, and 5% perchloric acid at 19.5 V and
− °7 10 C. TEM samples were observed in a JEOL 200CX microscope
using a Gatan Orius camera and an accelerating voltage of 200 kV. The
chemical composition of precipitates in the matrix of the samples was
studied using energy dispersive X-ray spectroscopy (EDS) in a FEI Tecnai
Osiris in scanning electron transmission microscopy (STEM) mode using
Table 1
Chemical composition of twin-disc samples, wt%.
Grade C Mn Si Cr V Al P S N Ti Others
AR+0.3Cr 0.92 0.96 >0.40 0.32 0.004 0.002 0.008 – – – Mo <0.005, Ni 0.031, Co 0.015, Cu 0.025, Sn 0.002, Pb <0.004
AR+0.8Si+0.1 V 0.92 0.88 0.79 0.06 0.14 0.005 0.012 0.007 0.011 0.013
HT+0.8Si+0.1 V 0.92 0.88 0.79 0.06 0.14 0.005 0.012 0.007 0.011 0.013
HT+1.0Si+0.1 V 0.94 0.84 0.96 0.05 0.13 0.006 0.011 0.005 0.009 0.013
HT 0.99 1.09 0.56 0.21 – <0.005 0.015 0.017 0.006 0.013
Wheel 0.56 0.76 0.36 0.14 0.003 0.036 0.006 0.004 – 0.009 Mo 0.013, Ni 0.08, Cu 0.11, Nb 0.001, Sb 0.015, Sn 0.009
Table 2
Results from twin-disc testing and microstructural characterisation showing average va-
lues and standard error with a 95% conﬁdence interval.
Rail sample Cycles to
initiation/103
Hardness
rail / HV30
Hardness
wheel /
HV20
True interlamellar
spacing rail / nm
AR+0.3Cr 30 314±1 228±4 181±32
AR+0.8Si+0.1V 130 336±3 223±3 203±32
HT+0.8Si+0.1V 170 401±2 225±2 104±11
HT+1.0Si+0.1V 160 410±2 207±5 121±11
HT 150 409±2 225±2 130±25
Fig. 1. TEM images of samples: (a) AR+0.8Si+0.1V
(as-rolled, slow cooled) and (b) HT+1.0Si+0.1V
(heat-treated, fast cooled).
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a high-angle annular dark ﬁeld (HAADF) detector and FEI Super-X
system employing 4 Bruker silicon drift EDS detectors at 200 kV of
accelerating voltage.
The macrohardness of the rail samples, and their corresponding
wheel discs, was measured using a Qness Q30 A+machine by indenting
the bulk of the samples ten times with a dwell time of 10 s and a load of
30 kg and 20 kg respectively.
2.3. Synchrotron measurements
High energy X-ray diﬀraction was performed at the PETRA III
beamline of the Deutsches Elektronen-Synchrotron (DESY) in Hamburg,
Germany. Matchstick shaped samples, 3×3 mm in cross section and
12 mm long, were cut radially from the central topmost surface of each
rail disc after twin-disc testing. Each of the sides of the matchstick
samples was ground with a 4000 SiC sandpaper except for the disc
surface side which was just cleaned and slightly polished with 1 μm
diamond paste to remove oxide debris. The length of the samples was
probed in transmission using a Perkin-Elmer XRD 1621 detector every
50 μm from the end corresponding to the disc surface down to a radial
depth of 1350 μm using a monochromatic X-ray beam with dimensions
×50 500 μm and a wavelength of 0.124 Å. In order to ensure adequate
intensity from the cementite lamellae in the diﬀraction patterns col-
lected, 25 images, each of 0.5 s exposure were summed at each position.
Snapshots of a LaB6 standard were also acquired for calibrating the
measurements.
The 2-D diﬀraction patterns obtained were converted into 1-D in-
tensity vs 2θ plots via azimuthal integration using DAWN [19]. Volume
fractions and lattice parameters of ferrite and cementite for each pat-
tern were obtained using manually guided ﬁtting of the Rietveld re-
ﬁnement [20] in HighScore Plus [21]. In order to study the fragmenta-
tion and eventual dissolution of cementite at the surface, which
supposedly enriches the ferrite in carbon, the Rietveld reﬁnement was
performed using both cubic and body centred tetragonal ferrite as test
lattices. The accumulation of strain as a function of depth, heat treat-
ment, and composition, was investigated through polar transform plots
obtained with the ‘cake’ function of azimuthal integration in FIT2D
[22,23].
2.4. Neural networks
Once all the data were gathered, further analysis was performed
using Bayesian neural networks [24,25]. In this framework, the neural
network is used as a general form of regression where the relationship
between the variables does not need to be speciﬁed but rather, is dis-
covered. The method incorporates many techniques to automatically
infer the relevance of the inputs whilst avoiding ‘over–ﬁtting’. These
methods have been successfully applied to many complex relationships
in materials science, including those with limited data points as is the
case in the current study [26–31]. If the data are found by the method
to be insuﬃcient then the Bayesian framework indicates large un-
certainties. For model training, all the data available for each parameter
were compiled, not just the average values, in order to infer the correct
noise level in the input data. For each set of inputs reported (hardness
of rail, hardness of wheel, interlamellar spacing of rail, chemical
composition of rail, volume fraction of cementite, and lattice parameter
Fig. 2. Plots of (a) rail hardness, (b) rail minus wheel
hardness, and (c) inverse interlamellar spacing
against cycles to crack initiation, as well as (d)
measured cycles against estimated values drawn
from a multiple regression analysis using the rail
hardness values. The curves in plots (a) to (c) are
indicative of the trends in the data (not regressions).
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of the ferrite1) 180 sub-models were trained allowing a complexity of
up to 20 hidden units. Nine diﬀerent random seeds were used to gen-
erate the initial weights. Twenty percent of the data, corresponding to
one alloy, was reserved to allow ranking and selection of the sub-
models by the ‘log predictive error’ for subsequent incorporation into a
committee model selected to produce the lowest combined uncertainty
in predictions.
3. Results and discussion
3.1. Microstructural characterisation
The results from twin-disc testing and microstructural character-
isation are presented in Table 2. TEM images depicting the diﬀerence in
interlamellar spacing between the heat treatments using samples AR
+0.8Si+0.1V and HT+1.0Si+0.1V as an example are shown in Fig. 1.
A preliminary analysis from the values obtained in Table 2 suggests
that the cooling rate is the variable that mainly controls the rail hard-
ness and interlamellar spacing. In order to then quantitatively assess
which of these two properties has a greater inﬂuence on the number of
cycles to crack initiation (Fig. 2), a multiple linear regression was
conducted using standardised values to allow a valid comparison be-
tween variables of diﬀerent units. The regression coeﬃcient for the
standardised rail hardness was 1.11 as opposed to −0.28 for the
standardised inverse interlamellar spacing denoting a contribution al-
most four times larger of the rail hardness on the cycles to initiation
than that of the inverse interlamellar spacing. Using these coeﬃcients,
estimated values of the cycles to crack initiation were obtained and
plotted against measured values (Fig. 2c) to provide an approximation
of the possible error associated with the values of cycles obtained,
knowing that in this study each sample was only tested under RCF once
due to time limitations. This is particularly relevant for AR+0.3Cr,
which seems to be a result of anomalous test conditions due to its
particularly low cycles to initiation.
In an attempt to understand in more detail the variation of cycles to
crack initiation, qualitative estimation of the damage mechanisms was
investigated through SEM. The micrographs from the surface regions of
each radial cross sectional sample are shown in Fig. 3. As seen in
Fig. 3a, AR + 0.3Cr displays a considerable amount of plastic ﬂow at
the surface in conjunction with a subsurface layer of severely frag-
mented/possibly dissolved cementite lamellae∼ 5 μm deep followed by
∼ 10 μm of mild cementite fragmentation.2 These observations are
consistent with the low hardness and large interlamellar spacing of this
alloy. Despite a comparable interlamellar spacing and hardness (same
cooling rate) as AR + 0.3Cr, sample AR + 0.8Si + 0.1V registered
many more cycles than the chromium-bearing alloy. Although this is
Fig. 3. Secondary electron SEM images of rail disc
samples after testing: (a) AR+0.3Cr, (b) AR+0.8Si
+0.1V, (c) HT+0.8Si+0.1V, (d) HT+1.0Si+0.1V,
and (e) HT. The rolling direction is into the page.
1 Interlamellar spacing, volume fraction of cementite, and lattice parameter of the
ferrite were all measured 200 μm from the surface since this depth corresponds to the
maximum subsurface orthogonal shear stress in twin disc line contact [32]. This should
allow to estimate which of these parameters is more signiﬁcant for restricting RCF da-
mage.
2 Whilst microscopy and hardness proﬁles can give a reasonable approximation of the
depth of microstructural deformation, minor microstructural changes, such as rotation of
low and high angle boundaries, can be perceived with crystallographic techniques such as
the kernel average misorientation (KAM) angle in electron backscattered diﬀraction
(EBSD) [33].
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most likely caused by abnormal testing of AR + 0.3Cr, Fig. 3b depicts a
distinct wear mode characterised by shallow cracking parallel to the
running surface that ultimately detaches the heavily worn regions
continually renewing the surface, which could explain the signiﬁcant
longer life of sample AR+0.8Si+0.1V. Such a diﬀerence in wear me-
chanism cannot be attributed to hardness or interlamellar spacing due
to the constant cooling rate, but instead, it could be speculated to be
related to a change in fracture toughness and fragmentation behaviour
of the cementite lamellae or work hardening capacity of the micro-
structure caused by the silicon and vanadium additions. One important
aspect to consider is that these damage mechanisms might not represent
those of ultra-high carbon pearlitic steels in service since the slip of 5%
used in this study is much higher than that experienced in normal
wheel/rail contact (∼1%). Also, these tests do not replicate the cyclic
bending stresses at the surface and subsurface layers that actual rail
experiences. However, it is important to emphasise that twin disc tests
are comparator tests for many steel grades and that such comparator
tests cannot be undertaken in commercial track.
A simple increase in cooling rate with a constant chemical compo-
sition in HT+0.8Si+0.1V compared to AR+0.8Si+0.1V, led not only
to a halving of the interlamellar spacing and 20% hardness increase, but
also negligible plastic deformation at the surface and minimal ce-
mentite fragmentation (Fig. 3c). Despite a slight increase in the silicon
content, sample HT+1.0Si+0.1V (Fig. 3d) portrays a very similar be-
haviour as sample HT+0.8Si+0.1V (Fig. 3c) with the slightly reduced
number of cycles to failure being most likely within experimental error.
Accelerated cooling without the addition of elements such as silicon or
vanadium in the HT sample led to comparable values of interlamellar
spacing and hardness as the other fast cooled samples. Nevertheless,
these parameters did not seem to be enough to restrict plastic ﬂow at
the surface, nor severe cementite fragmentation/possible dissolution
∼ 5 μm deep followed by another ∼ 5 μm of mild fragmentation
(Fig. 3e). Therefore, the comparison of the damage mechanisms sug-
gests that hardness, achieved through accelerated cooling, has the lar-
gest inﬂuence on RCF resistance, but adequate alloying additions, such
as Si and V, can enhance it further. By comparing AR+0.3Cr with AR
+0.8Si+0.1V and HT with HT+1.0Si+0.1V it is possible to observe
that despite similar values of hardness and interlamellar spacing within
each pair of samples, cycles to initiation can be altered substantially
through chemical composition variations. Whereas silicon might con-
tribute to solid solution strengthening of the ferrite that prevents ce-
mentite lamellae fragmentation by reducing strain incompatibilities
and therefore, their eventual dissolution, vanadium in the form of va-
nadium carbides might provide precipitation hardening restricting the
movement of dislocations and therefore, plastic ﬂow. In an attempt to
corroborate some of these ideas, neural network analysis of synchrotron
measurements were performed to study the diﬀerences in solid solution
strengthening of the ferrite through the lattice parameter and pre-
cipitation hardening through phase volume fractions as a function of
depth using Rietveld reﬁnement.
3.2. Synchrotron measurements
Due to the action of near surface shear stresses induced by rolling
contact sliding, the ﬁne pearlitic structure is expected to experience a
sequence of cementite necking/thinning due to tensile ﬁbre stresses,
fragmentation caused by strain incompatibilities, and dissolution once
the size becomes less than that of a critical nucleus [34–36]. Although
most of the carbon atoms freed during dissolution are expected to be
trapped at defects, the Rietveld reﬁnement of the converted synchro-
tron data was performed using cubic (Fig. 4) and tetragonal ferrite to
evaluate potential carbon enrichment.
As suspected from the SEM micrographs (Fig. 3), Fig. 4a conﬁrms
the dissolution of cementite lamellae near the surface across all ﬁve
samples. However, the depth of cementite dissolution appears to diﬀer
depending on the presence or not of silicon in the alloy. The depth with
respect to the surface of cementite dissolution in all three silicon-con-
taining samples (AR+0.8Si+0.1V, HT+0.8Si+0.1V, and HT+1.0Si
+0.1V) is ∼ 50 μm irrespective of heat treatment, but ∼ 100 μm for
both silicon-free alloys (AR+0.3Cr and HT).3 Therefore, there appears
to be a correlation between increasing depth of cementite dissolution,
increasing degree of surface plastic deformation, and decreasing cycles
to crack initiation for a given cooling rate (hardness). One important
thing to note is that irrespective of Si content, most samples have a bulk
cementite volume percentage of approximately 13.6%, except for HT
which has 14.3% maybe due to its slightly higher C content, but this
does not seem to aﬀect the hardness, interlamellar spacing, or number
of cycles for RCF cracks to form.
Another Si dependent behaviour is observed for the lattice para-
meter of cubic ferrite shown in Fig. 4b where the silicon-containing
samples have a slightly larger bulk ferrite lattice parameter than the
silicon-free ones. The fact that these values are lower than the lattice
parameter of pure iron (2.8664 Å) despite the fact that silicon is re-
sponsible for a minor contraction of the ferrite lattice parameter [37], is
most likely caused by a superimposed compressive elastic stress. The
value of such stress was calculated to be∼200 MPa at the surface using
the diﬀerence in cubic lattice parameters measured and the average
Fig. 4. Results from Rietveld reﬁnement as a function of depth considering cubic ferrite:
(a) volume percentage of cementite and (b) ferrite lattice parameter.
3 It is important to bear in mind that the resolution associated to the determination of
this depth is limited by the dimensions of the synchrotron beam which is 50 μm in the
relevant direction. Furthermore, due to the experimental setup, the depth of the ﬁrst
measurement in each sample might vary slightly with respect to others, since the beam
started scanning −50 100 μm above the sample. Therefore, the ﬁrst measurement of each
sample, corresponding to the surface, was decided upon the counts in the X-ray spectrum.
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Young's modulus of steel. The values of such stress would decrease with
depth, explaining why, with the exception of the HT sample, there is a
continuous increase of the lattice parameter for larger depths, irre-
spective of silicon content. It is not clear why the HT sample shows a
decrease in lattice parameter up to a depth of ∼ 500 μm, since the large
number of cycles the sample clocked is not consistent with a tensile
residual stress introduced for example through decarburisation/surface
heating due to inadequate lubrication during testing or particular
conditions that would restrict the accumulation of compressive elastic
stress. Just as it occurs in heavily drawn pearlitic wires, it is possible
that the layers where cementite partly dissolved and ferrite was heavily
deformed experienced dynamic hardening, which altered the contact
conditions and wear mechanisms [38], but no experimental evidence
was collected during this study to ﬁrmly resolve this aspect. At a depth
Fig. 5. Azimuthal plots of Debye-Scherrer rings obtained from: (a) AR+0.3Cr surface, (b) AR+0.3Cr bulk, (c) AR+0.8Si+0.1V surface, (d) AR+0.8Si+0.1V bulk, (e) HT surface, (f) HT
bulk, (g) HT+0.8Si+0.1V surface, (h) HT+0.8Si+0.1V bulk, and (i) intensity scale.
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of −0 100 μm from the surface, a sudden spike in the lattice parameter
occurs due to the dissolution of cementite (Fig. 4a) suggesting partial
carbon enrichment of the ferrite. However, beyond that region, the
trend of cementite dissolution depth with respect to silicon content
using a tetragonal ferritic lattice in the Rietveld analysis was found to
be inconsistent with the microstructures observed (Fig. 3). Further-
more, the c a/ ratio often resulted in values that made no physical sense
because they were less than 1, which is not possible in a carbon satu-
rated lattice. These two disparities make it clear that ferrite must be
considered cubic, and not tetragonal, for this type of analysis when
Fig. 6. STEM images and associated EDS elemental maps of the regions marked by the red squares for samples: (a) AR+0.8Si+0.1V and (b) HT+1.0Si+0.1V. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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superimposed compressive stresses are present.
In order to corroborate the existence of superimposed compressive
stresses, polar plots obtained through azimuthal integration of the
synchrotron diﬀraction patters were produced for samples AR+0.3Cr,
AR+0.8Si+0.1V, HT, and HT+0.8Si+0.1V at depths of 0 μm (sur-
face), 50 μm, 200 μm, and 1000 μm (bulk) to understand the inﬂuence of
depth, heat treatment, and Si/V additions in the accumulation of stress.
The results shown in Fig. 5, depict noticeable waviness of the Bragg
angle lines corresponding to the (111), (200), (220), (311), and (222)
ferrite peaks in all surface samples irrespective of composition or heat-
treatment, denoting anisotropic strain due to plastic deformation. The
same behaviour was observed at a depth of 50 μm, whereas no waviness
was observed at depths of either 200 or 1000 μm. Here only the plots of
0 and 1000 μm are shown for brevity. It is important to note that the
maximum strain is experienced at the surface rather than at the depth
of the maximum orthogonal subsurface shear stress (200 μm) suggesting
an increase of the friction coeﬃcient due to the normal degeneration of
lubricant protective ﬁlms with cycles [6]. With respect to composition,
the more nodular lines of the Si/V containing samples (Fig. 5c and g)
suggest the presence of either mild texture or larger grains than in the
non-Si/V containing samples (Fig. 5a and e), although the latter is
unlikely given the suspected distribution of vanadium carbides as prior
austenite grain boundary pinning agents. With respect to heat treat-
ment, no clear diﬀerence in terms of surface strain accumulation was
observed between the as-received (Fig. 5a and c) and heat-treated
(Fig. 5e and g) samples. In the bulk, all observed samples have a similar
stress accumulation behaviour despite diﬀerences in heat treatment and
composition.
Despite the large number of counts obtained through the synchro-
tron source, the speciﬁc conﬁguration used in this study was not op-
timal to resolve peaks generated by a small volume fraction of vana-
dium carbides, especially due to overlapping cementite peaks. It is
likely that vanadium carbides are present, since nitrogen levels in ex-
cess of 0.006 wt%, such as in the samples of this study, can promote V
(CN) precipitation in the austenite, but their size is not expected to be
optimal for precipitation strengthening [39]. In cases where nitrogen is
limited to <0.006 wt% such as in commercial HP335 hypereutectoid
steel alloyed with Si and V [40,41], which has been shown to have a
high resistance to both wear and RCF, ﬁne vanadium precipitates have
been observed and quantiﬁed in similar heat treated and slow cooled
conditions using TEM [13]. In order to corroborate the presence of VC
in the vanadium microalloyed samples and understand their decreased
plastic ﬂow at the surface with respect to samples of similar hardness
without vanadium (e.g. AR+0.8Si+0.1 V against AR+0.3Cr and
HT+1.0Si+0.1V against HT), TEM and EDS were performed on va-
nadium-containing samples of both heat treatments. The images and
chemical compositional maps of some of the precipitates found are
shown in Fig. 6. As previously mentioned, the relatively high amount of
undesired elements such as nitrogen and sulphur in the samples studied
led not only to TiV(CN) precipitates, but also encapsulation inside
(Fig. 6a) or around (Fig. 6b) MnS particles. Due to the size of these
complex precipitates that ranges from ∼120–170 nm and their sparse
distribution, they are likely to add some, but not maximal resistance
against rolling contact fatigue damage and plastic ﬂow at the surface.
3.3. Neural networks
Three diﬀerent models to estimate the cycles to crack initiation
were produced: one with the 3 microstructural variables from Table 2
(rail hardness HVr, wheel hardness HVw, and rail true interlamellar
spacing σt), one with 5 variables (all microstructural parameters also
including the volume percentage of cementite Vθ and the lattice para-
meter of ferrite aα), and one with 8 variables (three main micro-
structural parameters and ﬁve alloying element compositions: C, Mn,
Si, Cr, and V). Plots of the perceived signiﬁcance of individual variables
within each model are presented in Fig. 7. As previously deduced, all
three plots suggest a large signiﬁcance of rail hardness in RCF life, as
opposed to wheel hardness or interlamellar spacing. Nevertheless, in
order to understand the signiﬁcance of other variables such as the vo-
lume percentage of cementite and lattice parameter of ferrite of Fig. 7b
or the chromium content of Fig. 7c, model predictions for ranges of
these and other parameters were plotted in Fig. 8.
As seen in Fig. 8a, d, and g, the predictions suggest that the cycles to
crack initiation increase with rail hardness up to ∼380–400 HV, after
which they stabilise at approximately 160,000. In practice, UHC steels
of such hardness are more likely to reach 230,000 cycles to RCF crack
initiation as suggested by previous data [42]. Variation in the rail true
interlamellar spacing (Fig. 8b) or wheel hardness (Fig. 8c) hardly
Fig. 7. Perceived signiﬁcance of individual para-
meters within the models that use: (a) 3, (b) 5, and
(c) 8 variables.
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aﬀects the number of cycles. Some variables, such as hardness and in-
terlamellar spacing, are not independent, but the network indicates the
separate signiﬁcance of each variable. For example, interlamellar spa-
cing, when hardness is clearly accounted for, could have a secondary
inﬂuence through the thickness of the cementite layer and hence the
ease with which the Fe C3 dissolves during intense elongation. Despite a
substantial perceived signiﬁcance of the volume fraction of cementite
(Fig. 7b), the large uncertainties in the trend plot (Fig. 8e) do not allow
any conclusion of a speciﬁc relationship to be made; we can only
conclude that a complex relationship exists.
With regard to chemical composition, the model suggests an in-
crease in RCF cycles with Mn content (Fig. 8h), but a decrease in the
case of Cr (Fig. 8i). Such trends refer to the eﬀect of compositional
changes independent of hardness or interlamellar spacing alterations.
Due to the fact that the highest Cr-containing sample (AR+0.3Cr)
clocked very few cycles compared to the rest of the samples, most likely
due to unexplained experimental abnormalities, the inﬂuence of Cr was
perceived as negative by the neural network model when in practice
Fig. 8. Model predictions for: 3 variable model (a, b, and c), 5 variable (d, e, and f), and 8 variable (g, h, i, and j). In the 5 and 8 variable models, only the plots for the variables with
trends other than constant are shown.
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this element is added to increase the hardenability, even in the as-rolled
condition [42]. In the case of Mn, it is included to reﬁne the inter-
lamellar spacing in order to increase the toughness, a property which
was not quantiﬁed in this study. Furthermore, increased Mn content has
not been found to lead to an improved fatigue or wear resistance in
hypoeutectoid as-rolled rail steel (R260Mn) [42]. Although increasing
Si (Fig. 8j) seems to decrease the RCF cycles, the large error bars above
∼0.8 wt% suggest that the model does not necessarily contradict the
microscopical observations and synchrotron results, which indicated
that increasing Si contents reduces the depth of cementite dissolution
possibly by preventing its fragmentation in the ﬁrst place due to solid
solution strengthening of the ferrite and consequently, reduction of
strain incompatibilities between the ferrite and the cementite. This
reduction of cementite dissolution depth leads to longer RCF lives for a
given heat treatment. It is emphasised that the trends deduced in the
present work depend on the values of all inputs and the interpretations
will therefore vary with rail type.
4. Conclusions and summary
Despite having data which only reﬂects a narrow window of com-
position and might not be extrapolated to other grades, the following
conclusions can be drawn for the evidence presented:
• In twin disc lubricated tests of experimental ultra-high carbon
pearlitic steels, rail hardness, attained through accelerated cooling,
has a signiﬁcantly larger inﬂuence on the number of cycles to crack
initiation than the interlamellar spacing or wheel hardness, al-
though adequate alloying can enhance further the rolling contact
fatigue life and resistance to plastic ﬂow. This result was corrobo-
rated by the neural network models.
• Microscopy revealed that the hard heat-treated samples displayed
signiﬁcantly less plastic ﬂow at the surface and rolling contact fa-
tigue damage than the relatively soft slow cooled ones. However,
the heat treated samples which also contained Si and V displayed
less plastic deformation of their surfaces and shallower depths of
cementite fragmentation and dissolution in comparison with those
which were only heat treated, as explained below.
• Synchrotron data conﬁrmed the dissolution of cementite lamellae at
the surface of all samples irrespective of heat treatment or chemical
composition. The depth of cementite dissolution seems to be in-
versely related to the amount of Si in the alloy, presumably because
Si strengthens the ferrite and reduces the likelihood of cementite
fragmentation, and eventual dissolution, by diminishing strain in-
compatibilities between the two phases. Shallower depths of ce-
mentite dissolution appear to lead to longer cycles to initiation for a
given cooling rate (hardness). Azimuthal plots evidenced the accu-
mulation of anisotropic strain at the surface, and not at the depth of
maximum subsurface orthogonal shear stress, most likely due to an
increase in the friction coeﬃcient caused by lubricant ﬁlm degen-
eration due to the large number of cycles the samples clocked.
• Samples containing V displayed less plastic ﬂow at their surfaces
and longer cycles to crack initiation for a given cooling rate. The
presence of vanadium precipitates was corroborated through TEM/
EDS, but their size and distribution suggest that their role in rolling
contact fatigue improvement could be better exploited by using for
example basic oxygen steel casts in which nitrogen levels are limited
to ensure adequate precipitation.
• The amount of cementite volume fraction or ferrite lattice parameter
in the bulk do not appear to play a role in the number of cycles to
crack initiation.
Ultra-high carbon rail steels incorporate not only accelerated
cooling rates and Si contents above 0.8 wt% to prevent prior austenite
grain boundary cementite, which negatively aﬀects wear and rolling
contact fatigue resistance, but also additional alloying elements such as
Mn, Cr, V, and Ti, which are meant to improve performance by re-
ﬁnement of the interlamellar spacing, solid solution strengthening of
the ferrite, and precipitation strengthening through ﬁne carbides [1,9].
Results indicate that neither the interlamellar spacing, cementite vo-
lume fraction, or ferrite lattice parameter are the main factors behind
the improved rolling contact fatigue properties. Instead, the simple
increase in cooling rate and Si content, meant originally to restrict prior
austenite grain cementite, were found to be the main reasons behind
the improved performance of these alloys under the testing conditions
of this study due to a simple increase in hardness and a decrease in the
depth of cementite lamellae fragmentation and dissolution. However,
other mechanisms such as V(CN) precipitation still impart incremental
beneﬁts to the wear and RCF performance of these alloys, but their
eﬀects could be maximised by limiting impurities and heat treating
adequately.
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